IT WAS OUR PURPOSE in the studies described in the intact, behaving organism are therefore this paper to combine two experimental of the first importance for sensory neurophysdesigns which differ remarkably in method, iology, for they establish: 7) the dynamic and in their historical and conceptual derange required of the input on the afferent side of the system to account for the output-the measured sensory capacities; 2) the information about the stimulus which must be preserved in the initial encoding to account for the over-all information transmitting capacity of the nervous system in a particular sensory sphere; and 3) a basis for determining which of the many codes available to the pulse-operated input sys tern may be of functional significance in the sensory performance measured. It is thought that a continued correlation of the results of these two types of studies will set the limits and establish some of the parameters to be expected of that higher order neural mechanism intervening between initial cortical display and sensory experience, referred to above. Input waveforms to the stimulator were derived from two sources. The first was a step generator constructed so that its output voltage increased linearly at controlled rates of rise to a preset level, and was held constant for a preset duration The second input source was a function generator whose sinusoidal output was algebraically summed with the step-generator output at the input to the stimulator.
The amplitude of each source could be adjusted before summing. The stimulus pattern which was used for all experiments, both on monkey and on man, is shown diagrammatically in Fig. 1 . A sinusoidal displacement was superimposed on a stepwise indentation of the skin. The step's rise time was 30 msec-more rapid indentations led to tissue damage. Its amplitude was 930 p, and its duration typically 1,400 msec. The rest position of the probe was approximately 370 ,u away from the surface of the skin so that the first part of the movement was in air, and the skin was indented by about 560 p. The rest position in relation to the surface of the skin was checked frequently and adjusted when necessary so that stimulus conditions would be constant throughout the study of a fiber, which for many lasted 3 hr. A 370 p step of short duration was used as a check stimulus.
The rest position was adjusted, when necessary, so that the check stimulus just evoked one impulse in the fiber being studied. This proved to be a more precise control than visual observation of contact point.
In any event, random variations in the rest position rarely exceeded 10 p. This proved inconsequential, for tests showed that variations of the total step indentation by 50-100 p had no effect upon the responses to the superimposed sinusoids, although larger changes did so. to exceed the standard step duration of 1,400 msec; for these it was lengthened to 1,800 msec.
Although the output of the mechanical stimulator is linearly related to input voltage at low frequencies, there is severe attenuation at high ones. The estimates of sine-wave amplitudes expressed in microns are based upon repeated optical calibrations of the entire system at each frequency used, over the whole intensity range of stimuli delivered.
The initial phase of sinusoidal movement was always the one shown in Fig. 1 , a withdrawal from the skin. This constancy of the initial phase is important in the analysis of the data. The movement of the stimulus probe tip lagged behind the driving voltage;
it represented a significant fraction of one cycle only at frequencies above 50 cycles/set. The 1. Diagram showing factors producing phase lag between skin stimulation and recorded nerve impulses. All data recorded in the series of experiments described in this paper have been corrected for the initial phase lag between the source sine wave and movement of the mechanical stimulator, but not for any other sources shown here. Black dots represent an arbitrary instant, chosen for illustration, when a generator potential might be initiated in the nerve ending. Computer recognition of a response would occur only after an action potential is generated, conducted to the recording electrode, and detected by the differential amplitude discriminator. At high frequencies of the stimulating sine wave this delay may be long enough to cause an impulse to be analyzed with respect to a stimulus cycle later than the one which caused its generation.
None of the observations or interpretations of this paper depend upon knowledge of the precise relation between impulse and that specific generating sine wave. For the range 5-40 set the stimulus is felt as a light flutter of the skin which can be localized accurately. As the frequency of stimulation shifts from 60 to 80 cycles/set, and above, the sensation changes to one of vibratory hum, seems to shift deep within the hand, and is less accurately localized.
For this reason we suggest that this quality of somesthesis be designated flutter-vibration, rather than vibration. This duality of the sensory experience and the double-sloped functions of Fig. 2 case is indicated by the fact that these two qualities can be dissociated by local anesthesia of the skin. The experiment described above was repeated after cocaine iontophoresis had rendered the glabrous skin insensitive to light mechanical stimuli and to pinpricks. The results are given by the upper curves of Fig. 2 , which show that skin anesthesia had no effect on sensitivity to high-frequency stimuli, but elevated the thresholds in the low-frequency range by factors of 5-l 0.
An alternative interpretation of the result of this experiment is that no dissociation is produced, but that high frequency vibration is more efficiently transmitted from anesthetized to sensitive skin than is low, and that both flutter and vibration sensed on the palmar skin surface of the hand are served by sets of afferents terminating in the glabrous skin. Indeed to the distal pad of the middle finger (5 subjects), while the middle curve indicates the results obtained on the finger with METHOD II (9 subjects).
The difference in sensitivity and in the degree of break between the high-and low-frequency limbs of the functions are largely due to differences in the position of the stimulus on the hand. The difference due to method is significant, but small.
The thresholds on the finger are somewhat lower than on the thenar eminence, and the break between the two halves of the threshold function less marked, although the dual subjective impression is similar. It is this function for the finger tip which is reproduced in other figures for comparison with neurophysiological findings.
The difference between the two curves obtained is thought to be due to location and not to the difference in method, as the lower curve of Fig. 3 , obtained with METHOD I, attests.
In these experiments a slowly repeated stimulus of the type shown in Fig. 1 was delivered to the finger pad of each subject, and the amplitude of the superimposed sine wave varied from one stimulus to the next in a nearly random order, during a given series. The subjects, who were familiar with the stimulus pattern, were asked to rate the amplitudes of the superimposed sine waves by assigning numbers to them. They recognized and were instructed to ignore the change in subjective pitch which occurs with increasing intensity. Two frequencies, 40 and 250 cycles/set, were chosen for detailed study, for they are close to the CCbest tuning frequencies" of the two types of afferents which are thought to serve flutter and vibration, and which are described in some detail later. II. General properties of large myelinated mechanoreceptiue a$erent jbers inneruating the monkey hand
The population of afferent fibers innervating the monkey hand which we studied is restricted both by intent iand isolation technique to the 5-to 12-p band of myelinated afferents, which is known to project into the lemniscal system directly, via the dorsal columns.
The dynamic response properties of the smaller myelinated mechanorecep tive fibers are unknown, but their virtual exclusion from the dorsal columns suggests that they play no direct role in the sense of fluttervibration.
Of the former there are three classes which are identifiable, each by a unique combination of the tissue it innervates, its receptive field pattern, its rate of adaptation, and its dynamic response properties. These are indicated briefly in Table  2 ; each must be considered a candidate to serve the sense of flutter-vibration.
They are: 1) the quickly adapting "movement detectors" which end in the dermal ridges of the glabrous skin: 2) the slowly adapting "movement and intensity detectors" which also end in the dermal ridges; and 3) a third set innervating subcutaneous tissues, which are thought to terminate in Pacinian corpuscles. In 53 median nerve preparations we isolated a total of 523 fibers for study. They were chosen from the very much larger sample observed by reason of the isolation and long-term stability of their impulse discharges. Of these, 260 were quickly and 213 were slowly adapting afferents innervating the glabrous skin of the monkey hand, and 50 were Pacinian afferents. Classification was made on the criteria described in the following paragraphs. These numbers give no true measure of the proportions which actually exist in the monkey median nerve, for in different parts of the series we concentrated upon study of one or another type, and selected it preferentially. What is certain, from all our observations, is that the quickly adapting afferents outnumber those adapting slowly by a considerable factor. It is equally clear that the Pacinian afferents are far less numerous than either type which ends in the glabrous skin. In our dissections we occasionally isolated joint or muscle spindle afferents; these were readily identified by their distinctive functional properties.
Neither is suited to serve the sense of flutter-vibration, and will not be considered further here.
The glabrous skin mechanoreceptive afferents are readily classified by the presence or absence of a continuing discharge during steady indentation of the skin with the mechanical stimulator. There is no group distributed along a continuum between these two extremes, as regards this property.
The large majority of the quickly adapting afferents display the classical behavior-they discharge one or two impulses with the onset of a steady stimulus, are silent thereafter, and again discharge one or two impulses upon its removal; a liminal slope is required for excitation (Fig. 6, left) . A small number of this class, which like the larger majority is silent during steadily maintained skin indentation, behaves quite differently as regards the rate of indentation at stimulus onset. As the records of Fig. 6 (right) show, they continue to discharge so long as the stimulus is moving through a segment of space vertical to the skin surface, and with very slow rates of indentation may discharge long trains of impulses. We have not observed that these relatively rare fibers differ from the majority of quickly adapting afferents, as regards their receptive fields or their dynamic sensitivities. The '%teady-state" fibers, which discharge nearly regular trains of impulses during steady indentation of the skin, also provide signals which vary with the rate of stimulus application, for the onset transient discharge is sensitively determined by the stimulus onset slope.
As regards adaptation, the Pacinian afferents display properties similar to those of the majority of quickly adapting glabrous skin afferents. As is well known, they discharge one or two impulses at "on" and "off," of a skin indentation, and none during its steady maintenance.
A more rapid rate of stimulus application is required as a liminal slope for excitation than is the case for the glabrous skin quickly adapting fibers. Since the hands of monkeys vary in size, which may introduce an error if observations made in different animals are combined, an effort was made to measure as many receptive fields as possible in one animal. Both median nerves were used. After the first experiment the arm wound was cleaned and sutured, a broad spectrum antibiotic given, and the animal allowed to recover from anesthetic. The second and final experiment was done the following day. A total of 104 mechanorecep tive afferen ts innervating the glabrous skin of the hands was isolated, and their adaptive properties determined using the mechanical stimulator. Receptive fields were outlined using fine glass probes as stimulators, and drawn onto enlarged photographs of the hands. They are thought to be accurate to about one dermal ridge interval, 0.2-0.3 mm. They were all later redrawn onto photographs of the right hand, and are shown in Fig. 7 ; those of slowly adapting afferents to the left, of the quickly adapting ones to the right. Of the 104 fields, 66 could be projetted .
onto planes tangent to the skin surface without serious distortion; they were measured planimetrically at 800~1,000 X area1 magnification.
The 38 not measured differed in no other way from those measured.
The results are given in for each fiber the intensity required for entrainment at the tuning point varies in a regular fashion with frequency. A plot of these tuning point intensities versus frequency we term a tuning curve. The position of the tuning curves along the frequency scale is different for the two types of quickly adapting fibers. The cutaneous afferents are sensitive in the low range, with best frequencies at about 30 cycles/set. The Pacinian afferents are sensitive over the higher range, with best frequencies at about 250 cycles/set. Sample records of this entrainment for each of the two types are given in Fig. 10 . A number of tuning curves are illustrated in a later section, and correlated with the human frequency-intensity threshold function, which they are thought to explain (see Figs. 21, 22, and 24). We wish first to describe certain aspects of the discharge, both at sub-and supratuning intensities, which we believe to be important in a more general consideration of the neural mechanisms in the sense of flutter-vibration. sured between the wrist and upper arm.
CHANGES
We thus avoided the factor introduced by the slight dwindling in axon diameter, and hence slowing in conduction velocity, which occurs in the digital nerves (1). The results obtained are given in Fig. 9 . They show that the first-order afferents from the glabrous skin which we have studied fall into the beta distribution (called by some the alpha cutaneous group). Whenever measured, Pacinian afferents have fallen into the same conduction velocity range.
III. Responses of rapidly adapting mechanoreceptive a$erents innervating the monkey hand to sinusoidal mechanical stimulation of the skin surface The general property of the glabrous skin (QAs) and the Pacinian (PCs) quickly adapting afferents which we wish to describe is that for a given frequency of sinusoidal stimulation there is a range of intensities of the sinusoid over which the fiber will discharge in a periodic fashion, one impulse for each cycle of the sine wave. a. Cutaneous quickly adapting jbers. The typical changes which occur in the discharge pattern of a cutaneous rapidly adapting fiber, produced by increasing the amplitude of the driving sinusoid, are defined by analyses such as those shown in Fig. 11 . The fiber innervated a field 4 mm in diameter; the stimuli were delivered by a 2-mm probe tip located in its center. Thirteen different intensities were studied at the fiber's best frequency of 40 cycles/set. A sinusoid of 8 p amplitude evoked only an occasional discharge, smaller ones none at all. When one of 10 p was delivered, the over-all frequency of discharge was about 16 impulses/set. These impulses did not occur randomly, but were strictly ordered in time, as the lowermost interval histogram to the left of given instant in time, relative to the stimulus cycle-a natural concomitant of periodic ordering.
This time of occurrence appears here, artifactually, to be just at the peak of the indentation phase of the stimulus; utilization and conduction times have not been accounted for in construction of this graph. They would shift the occurrence to an earlier time on the indentation phase of the stimulus cycle.
With further increases in stimulus intensity the proportion of intervals equal to the stimulus period increased, and those at multiples of it decreased, until with a further small increase in stimulus strength, from 17 to 19 p, the discharge locked in perfect synchrony, following beat for beat with the stimulus period. This is the tuning point for the fiber, and the range of stimuli between it and those too weak to evoke any response is defined as the zone of demultiplication.
The tuning point can also be determined accurately by visual inspection of the response (see METHODS) , and tuning curves determined in each of these two ways, by visual and by machine analysis, are presented in later figures.
The table of Fig. 11 shows that with further increases in intensity from 19 p through 99 1-1 there was no change in response in terms of the total number of impulses which occurred. That this constancy obtained also for the sequential ordering of the impulses in time was shown by the interval histograms of the responses at 24, 29, 39, 51, and 99 p, only the last of which is displayed in Fig. 11 . This is the zone of the tuning plateau, which is also Fig. 1 . Each histogram is labeled with the amplitude in microns of the sine wave evoking the response. Histograms were generated using the technique described in the METHODS section with 0.5-msec bins for the interval histograms (left) and 0.25-msec bins for the cycle histograms (right). Note that for stimuli weaker than that which produced nearly perfect tuning the impulses which do occur are phase-locked to the stimulus and appear at nearly integral multiples of the stimulus period.
illustrated by the impulse/cycle vs. sine-wave plateau.
As the ascending series of cycle amplitude graphs of Fig. 12 , for two other histograms to the right of Fig. 11 shows, fibers, and for nine additional ones in Fig. 13 . with increasing stimulus strengths the ocThese indicate that the tuning plateau is currence tirne of the impulse gradually shifts reached at weaker intensities the closer the to an earlier position in time relative to the frequency of the driving sinusoid to the best stimulus cycle, even though there is no change frequency of the fiber. There is, however, one in the sequential ordering of impulses in time. further change in response which occurs as We attribute this to two factors which we intensity is raised through the zone of recannot separate: the more rapid rates of sponse demultiplication and across the tuning indentation of the skin which accompany THE SENSE OF FLUTTER-VIBRATION 317 increasingly stronger stimuli, and a shortening of the utilization times at the fiber endings. Certainly most of the 5-msec shift relative to stimulus phase, shown in Fig. 11 to occur between 10-p and 99-p stimulus intensity, is due to the first factor.
The ratio of the tuning point threshold to that of the demultiplied response, i.e., to the absolute threshold for any response, was measured for a number of fibers at 40 cycles/ sec. The ratio is 2.26 (range 1.37-4.00, n = 12), which is 7 db. The position and the extent of this zone suggests that it may account for the '<atonal interval" observed in psychophysical experiments, a subject for later discussion.
When even stronger stimulus intensities are used there occurs for most fibers a disruption of the perfect periodicity so characteristic of responses to stimuli of tuning plateau strength. The uppermost histograms of Fig. 11 With further increase in the intensity at 200 cycles/set, for the fiber whose responses are analyzed in Fig. 14 , there was no further change until a sine wave of 29 p amplitude was delivered.
It evoked the occasional doubling and tripling of impulses for each sine-wave cvcle characteristic of the disorganized response produced by strong stimuli in the cutaneous QAs, described above. The graphs of Fig. 15 , to which further reference will be made in another connection, show (upper) that 300 cycles/set was a slightly "better" frequency for this fiber than was 200, and that for 300 cycles/set the tuning plateau extended from less than 5 p to at least 85 I-C, the strongest stimulus tested. The fiber of Fig. 14 was in the middle range of Pacinian afferents, as regards sensitivity. Some of the analyses made of the responses of the most sensitive Pacinian afferent we studied are given in Fig. 16 . The lowest pair of histograms characterize the response pattern to a 0.6-p sine wave, at 300 cycles/set, which was at or very close to the absol ute threshold for any response. An increase to tions as the frequency is shifted from the range of 20-40 cycles/set up to 150-300 cycles/set. Second, for low frequencies (2, 5, and 10 cycles/set) increases in intensity may produce doubling of discharge for some cycles without any one-for-one point at all. The zone of demul tiplication merges directly into the zone of disorganization of response with no tuning point or plateau. For many QAs this occurs also when stimuli in the HO-300 cycles/set range are made sufficiently strong.
b. The Pacinian afferents. The graphs of Fig.  15 show one difference in the response properties of the PCs. That is, even though the position of the impulse per cycle versus intensity function is shifted to the right along the intensity coordinate> as the frequency moves farther away from the best frequency, there is little change in the slopes of the functions. The demultiplication zone occupies nearly as narrow an intensity range for some offfrequencies as it does at the best frequency. The graphs for the fiber in the upper half of Fig. 15 For the analyses described above the tuning point was defined as that amplitude of the sine-wave stimulus which evoked 1 impulse/cycle, and maintained this relation throughout the 930.msec stimulus. At and around the best frequencies for both types of quickly adapting afferents there is no discernible time trend in the responses, which change from the zone of demultiplication of response into perfect tuning symmetrically in time over the stimulus duration. At other than best frequencies, and especially for the cutaneous QAs, a time trend does appear. As stimulus strength is increased from below threshold for any response tuning first occurs early in the response, and further increases are required to evoked tuning throughout.
This phemonenon contributes to the increasingly slower slopes of the impulse per cycle functions of Fig. 12 , for higher than best frequencies.
Its virtual absence for the Pacinian afferents accounts for the nearly equal slopes of their impulse per cycle functions shown in Fig. 15 , at different frequencies.
IV. Response of slowly adapting mechanoreceptive a$erents innervating the monkey hand to sinusoidal mechanical stimulation of the skin surf ace
The general properties of the slowly adapting afferents which terminate in the ridges of the glabrous skin were described in SECTION II, and the way in which they signal the intensity of mechanical stimuli has been detailed in an earlier paper (12). The stimulus-response function is linear, and is thought to account for a similarly linear relation Fig. 1 has been applied to the cycle histogram.
Interval histogram for the responses at 0.9 p amplitude indicates that nearly perfect tuning was elicited by a stimulus of that amplitude. The slight phase lag for strong intensities, shown in the cycle histograms, is attributed to slightly slowed conduction in fibers conducting at 300 impulses/set. between the intensity of brief nonoscillating skin indentations and the human subjective magnitude estimations of those intensities (11). It it our purpose here to examine the possibility that afferents of this class may contribute also to the sense of flutter-vibration. Our conclusion, held tentatively, is that they do not, for reasons detailed in that which follows. The records of Fig. 17 In each set the upper trace is the analogue electrical signal of the position and movement of the 2-mm probe tip, lower is record of the action potentials in the nerve fiber, recorded after its isolation by microdissection from the median nerve of a monkey. The receptive field of the fiber lay in the glabrous skin of the palm. Topmost record shows the onset transient and the slowly declining quasi-steady-state discharge characteristic of the slowly adapting afferents. Frequency modulation in phase with the sine wave is visible when its amplitude is only 23 p, which is less than one-eighth the human threshold at 5 cycles/set. Duration of the step stimulus, 1400 msec; of the superimposed sine wave, 930 msec. frequency onset transient to the CCearly steady state" of nearly constant (slowly declining) frequency. The successively lower records of Fig. 17 show that a superimposed sine wave of 5 cycles/set elicits a frequency modulation in synchrony with the stimulus, and that this is discernible at very low sinewave amplitudes.
This entrainment by frequency modulation is further illustrated by the interval histograms for another fiber, under 5 cycles/set sine-wave drive, given in Fig. 18 . The frequency modulation is apparent at 12 p sine-wave amplitude, and highly significant at all higher intensities. This clear encoding of frequency at the first-order level occurs at intensities well below the human threshold for the perception of movement at 5 cycles/set (see Figs. 2 and   3 ). This is true no matter which method of measuring the human threshold is used for comparison.
Indeed, it is a startling experience when, as a subject, one looks at the stimulating tip ; at intensities below threshold one can see the movement at 2, 5, and 10 cycles/set, but one cannot feel it! We conclude that at least at these frequencies the slowly adapting afferents do not contribute to the sense of flutter. The observation described affords an example, we believe, of a neural code which can be impressed upon the first-order fibers experimentally, but which has no meaning in terms of sensation. At least that is the conclusion suggested by the facts currently available.
RESPONSE PROPERTIES OF SLOWLY ADAPTING AFFERENTS, AT HIGHER FREQUENCIES (20-200 CYCLES/SEC).
Response of slowly adapting afferents is quite different when the frequency of sine-wave oscillation is raised to match or nearly match the steady discharge frequency itself. An example is given by the interval histograms shown to the left of Fig. 19 . The lowermost interval histogram shows that the mean frequency of discharge evoked by the step indentation alone was about 30/. set, with considerable spread. The next histogram above shows a marked entrainment of the fiber's discharge at the stimulus frequency of 40 cycles/set, one which is nearly one-to-one at higher intensities. This very low entrainment threshold nearly matches the human threshold, as comparison with the curve for METHOD II in Fig. 3 will show. The important fact, however, is that this lowthreshold entrainment is the result of the coincidence of two variables: the frequency of the steady-state discharge and the frequency of the stimulus.
Further studies revealed that the entrainment threshold rises rapidly if the steady-state frequency is changed, by changing step indentation amplitude, to produce a mismatch with stimulus frequency.
A similar mismatch results when the stimulus frequency is raised well above any possible steady-state discharge. Such a result is shown for the same fiber by the histograms to the right of Fig. 19 . At a stimulus frequency of 100 cycles/set, entrainment resulted only at sine-wave amplitude of 170 ,u. This is to be compared with human thresholds of 6-10 p at 100 cycles/set.
We conclude therefore that the slowly hand. Stimuli at 40 cycles/set (left) and at 100 cycles/set (right) were delivered via a 2-mm probe tip oriented at the center of the peripheral receptive field of the fiber, in the pattern shown in Fig. 1 . Responses of the fiber to step indentations without a superimposed sine wave are shown by the two histograms labeled "0". Note that the mean frequency of firing to the step alone is about 30 impulses/set, and that much lower intensities are required to elicit nearly one-to-one firing when the sine wave is 40 cycles/set than when it is 100 cycles/set. by microdissection of the median nerve. The three curves plot the amplitude of the sine wave, at a series of frqeuencies, required to raise the probability to the levels indicated that an impulse will be evoked by each cycle of the stimulus. stimulus frequency, but require strong stimuli for entrainment when this is not the case. Yet human thresholds are not markedly different for differences in step indentation known to produce markedly different rates of discharge in these fibers, in the early steady state. Finally, when stimulus frequencies are higher than any possible during the early steady state, en trainmen t thresholds are one or more orders of magnitude higher than the human thresholds.
V. Further analysis of frequency functions: tuning curves f or jrst-order jibers, and their relation to human threshold function for flutter-vibration It is apparent from the evidence presented in earlier sections that the tuning point for a first-order fiber can be defined with precision, and that tuning points for a number of frequencies through the sensitive range compose a tuning curve for the fiber. This measurement is similar to that in which the human threshold-frequency function is determined.
In the first case the datum of interest is that stimulus intensity required to produce phasic entrainment of the fiber's discharge at the stimulus frequ .ency, at some selected probability; in the second the end point is the human observer's report of a sensation of movement, at threshold. In this section we wish to compare the results of these two sets of experiments, while making the "cross-species" assumption that the sensations experienced by man and monkey are similar, at least at the first level of analysis. Tuning curves for these fibers have been determined in the two ways described on p. 305. One determined by machine analysis is shown in Fig. 20 Figures 22 and 24 show that at any given frequency only a portion of the total population of a&rents of one or the other type will be driven periodically at intensities equal to the human threshold for the perception of movement.
Those proportions are given in Table 4 ; they suggest that some 10-20y0 of the available afferents are required to be entrained to evoke the human sense of movement. This conclusion, however, places a severe requirement upon our cross-species assumption, which will be considered in later discussion. slowly adapting afferents might play a role, for they respond in a linear fashion to increases in the intensity of a nonoscillating stimulus (12). They might provide a similar increase in neural signal in parallel with increases in sine-wave amplitude-even though they can provide no unequivocal signal of the frequency of that sine wave. Studies of the over-all frequency of discharge of these afferents as a function of sine-wave amplitude suggests, however, that this is not the case. In the low range of stimulus frequency, for example, increasing amplitudes of a superimposed sine wave may simply increase the degree of frequency modulation. The temporal order of discharge may be shaped by the sine wave by a repositioning of impulses in time with no regular change in the total number of impulses per unit time. At higher frequencies these fibers provide an even more equivocal signal of sinewave amplitude, for the degree of entrainment and the over-all rate of discharge are determined by the interactions of three variables: the discharge rate produced by the degree of step indentation, the frequency of the sine wave, and its amplitude.
The last possibility we considered is that the intensity of oscillation might be derived (by a central neural mechanism) through a spatial integration of the activity in the entire population of neurons engaged by the stimulus. The results of an experiment aimed at testing this possibility are given in Fig. 8 We emphasize also that both our psychophysical and electrophysiological observations were purposely made using a constant stimulus pattern It is well known, however, that the values for vibration threshold and even the shape of the threshold function curve may be altered by changing any one of a number of parameters, or conditions: contactor area and shape (20, 22), area of free surround (19), angle of axis of oscillatory movement relative to the skin surface, duration of the oscillatory stimulus, skin temperature, the age and sex of the observer-all these and doubtless others not yet studied influence the threshold. We have observed many of these effects, and that in both the human and animal the results-the threshold of the perception of movement in the one case and the tuning points in the other-may be affected to some degree by the amplitude of the step indentation of the skin upon which sine-wave stimuli are superimposed.
We chose to hold this parameter constant.
In this regard it would be of interest to measure that degree of skin indentation which a subject allowed free movement of the hand would seek in attempting to achieve maximum sensitivity. In our psychophysical experiments this "motor" component of the sensory performance has been eliminated by holding the hand in a steady position.
We do know that for the skin QA fibers the step indentation at which tuning thresholds are lowest is somewhat greater than the 500 ,u chosen as our constant step indentation.
II. Encoding in the temporal domain: jkst-order signals evoked by sine-wave stimuli, and their relation to the perception of periodic motion Study of either of the two classes of fibers which we believe account for the sense of flutter-vibration, as the intensity of the sine wave is increased, reveals two "thresholds." The first is that at which a neural discharge is evoked phase-locked to the stimulus, but the fiber is not entrained, during the delivery of the superimposed sine wave. The second is that point along the intensive continuum, often very sharp, at which a nerve impulse occurs with each cycle at a high probability and in a narrowly fixed phase relation to the stimulus (see Figs. 11, 14, and 16). It is our proposition that these two account for two clearly identifiable points on the sensory continuum.
As sine-wave amplitude increases subjects first become aware of a roughness which is not the readily recognized flutter or vibration with its identifiable pitch. A second transition to this latter occurs rather abruptly with further increase in sine-wave amplitude. The range between these two transition points is called the atonal interval (25), and corresponds rather precisely with the zone of demultiplication of response in the firstorder input trains. It is 2 db at 300 cycles/set psychophysically and 2.2 db for Pacinian afferents at 100-300 cycles/set; it is 8-10 db at lower frequencies psychophysically and 7 db at 40 cycles/set for the cutaneous quickly adapting fibers. Using the tuning point as estimator we have constructed tuning curves for the two sets of fibers. Comparison of these curves with the human threshold function (Figs. 21, 22, and 24) provides the basis for our statement that these two sets of fibers account for the sense of flutter-vibration.
This statement depends upon the validity of two assumptions.
The first is the requirement for periodicity discussed above. The second is the cross-species assumption, i.e., that the sensitivities of the two sets of afferents innervating the hand are about the same in monkey and in man. If the human firstorder fibers are considerably more sensitive than are those of the monkey, our hypothesis would be changed only in degree to say that a larger percentage of the available population must be entrained to evoke a sensation of movement than is suggested by the data of Table 4 . If the human first-order fibers are by any considerable factor less sensitive than are those of the monkey, the interesting proposition is put that the sensation of periodic movement with identifiable pitch might be evoked at intensity levels below that at which any first-order fiber is entrained to discharge periodically. Such a mechanism is readily imagined. Given that each of two or more first-order fibers converging upon a second-order element possesses supraliminal synaptic security for each impulse, and that the demultiplied but phase-locked trains of impulses evoked in them by weak stimuli are asynchronous, a second-order neuron could be perfectly entrained when no one of its converging inputs is so. Some preliminary results indicate that the discharges evoked by the same oscillati probe in pairs of fibers observed simul taneo y need not be synchronous, at weak intensities, so that a study of this question at the level of the dorsal column nuclei becomes an important experimental object. For the present, parsimony suggests that the thresholds for first-order fibers innervating the hands of monkey and man are not strikingly different, and thus our periodicity hypothesis fits the facts available better than any reasonable alternative.
Such a hypothesis, however, is unlikely to apply to all first-order mechanoreceptive afferents which discharge in a nearly periodic fashion. The ability of humans to identify the frequency of an oscillating stimulus, i.e., to recognize and to discriminate between pitches, is poor compared with their capacity in the auditory sphere. The most widely quoted study is that of Goff (6), who measured the discriminable frequency increment over the range of 25-200 cyc stimuli of equal "loudness" at ea for the cases of 20 and 35 db above thresholds. For the latter level the discriminable increment at 25 cycles/set is about 4 cycles, but it rises very rapidly as the base frequency rises, so that at 200 cycles/set the discriminable increment is about 60 cycles the intensity level of 20 db above thresholds it is nearly 100 cycles/set.
These findings suggest that whatever discrimination of frequency can be made depends upon signals in the cutaneous quickly adapting fibers, and that were the input confined to the Pacinian afferents (e.g., by skin anesthesia) the discrimination of frequency would be very poor indeed. to the use of the spatial distribution of activity in a neural population as a signal of the spatial form and extent of the stimulus.
V. Mechanical impedance of tissue, and tuning curves of primary a$erent jbers Studies of the mechanical properties of the skin and other soft tissue (17) and of the body skeleton (23) have shown that the conductivity of the tissues is maximal and mechanical impedance minimal in the range of 100-300 cycles/set, the zone of the highest human sensitivity to vibratory stimuli. The findings of Sato (16) suggest an almost perfect impedance match between these conducting tissues and the relevant receptors in the highfrequency range, for both isolated and in situ Pacinian corpuscles (cat mesentery) were found to have quite similar sensitivity curves. Here we assume that the Pacinian corpuscles of the mesentery and those of other tissues have similar properties.
The frequency range in which the cutaneous quickly adapting fibers are most sensitive (30-40 cycles/set), however, is one at which the mechanical impedance of tissue is very high. Their regions of best sensitivity, and their tuning curves, must therefore be the result of the mechanical properties of the receptors themselves, and not of the transmitting properties of the skin. It is most likely that they respond only to direct pressure, or sheer force. This accounts for the fact, illustrated in Fig. 8 , that even a very strong oscillating stimulus at 40 cycles/set must be within 5 mm of the center of the receptive field of a quickly adapting afferent of the glabrous skin in order to excite these quickly adapting afferents, and the absence of sensation referred to regions of skin in which traveling waves, set up by distant oscillating stimuli, can be observed stroboscopically may not be interpreted to result from central inhibition of activity from that area: no activity exists there which is driven in synchrony with the traveling waves.
SUMMARY
In psychophysical experiments we measured the human thresholds for the perception of oscillatory movement, when sine-wave mechanical stimuli over the range of 5-300 cycles/set were delivered to the glabrous skin of the hand. The double-limbed nature of the resulting frequency-intensity function, and the elevation of thresholds in the low-but not the high-frequency range by cutaneous anesthesia suggested the duality of what we term the sense of flutter-vibration. These findings also implied that this sense is served by two distinct sets of primary afferent fibers, one terminating in the glabrous skin and most sensitive to frequencies of 5-40 cycles/set, and a second terminating in the deep tissues and sensitive over the range 60-300 cycles/ sec.
The human subjective estimation of the magnitude of an oscillatory stimulus was measured at 40 and 250 cycles/set, when sine-wave mechanical stimuli were delivered to the glabrous sk _ of the hand. This estimate is a linear function of sine-wave amplitude; the results are equally well described by power functions with exponents close to 1.
In a similar experimental paradigm the frequency sensitivities of the myelinated mechanorecep tive afferents innervating the monkey hand were determined.
Single fibers were isolated by microdissection from the median nerve.
The class of afferents innervating the glabrous skin which adapts slowly to steady skin indentation showed a frequency modulation of that steady discharge when sine-wave stimuli of 2-l 0 cycles/set were superimposed upon the indentation.
This occurred at intensities far below the human thresholds at those frequencies.
At higher frequencies these fibers may be entrained to discharge 1 impulse/cycle of the stimulus, and thus provide a neural signal of stimulus frequency only if the latter closely matches the frequency of the steady-state discharge.
On the basis of present evidence we conclude that this set of afferents is not likely to contribute to the sense of flutter-vibration.
The frequency modulation at low frequencies is a distinct neural code impressed upon these first-order elements which is apparently of no sensory significance, at least over a reasonable range of in tensi ties.
The quickly adapting afferents which innervate the glabrous skin are sensitive to oscillatory stimuli in the low-frequency range. As the intensity of such a stimulus is increased it first elicits neural discharges at multiples of the stimulus period. Slightly stronger stimuli evoke 1 impulse/stimulus cycle, which we term the tuning point. Measurement of tuning points for a number of frequencies compose a tuning curve. The lower limbs of the tuning curves for these fibers blanket and thus can account for the low-frequency limb of the human threshold function, and no other afferent innervating the monkey hand has been found which could do so.
A quickly adapting afferent ending in subcutaneous tissue, which on indirect evidence and the findings of others we identify as terminating in Bacinian corpuscles, is extraor-
